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Epithelial reorganization involves coordinated
changes in cell shapes andmovements. This restruc-
turing occurs during formation of placodes, ecto-
dermal thickenings that initiate the morphogenesis
of epithelial organs including hair, mammary gland,
and tooth. Signaling pathways in ectodermal pla-
code formation are well known, but the cellular
mechanisms have remained ill defined. We estab-
lished imaging methodology for live visualization
of embryonic skin explants during the first wave of
hair placode formation.We found that the vastmajor-
ity of placodal cells were nonproliferative throughout
morphogenesis. We show that cell compaction and
centripetal migration are the main cellular mecha-
nisms associated with hair placode morphogenesis
and that inhibition of actin remodeling suppresses
placode formation. Stimulation of both ectodyspla-
sin/NF-kB and Wnt/b-catenin signaling increased
cell motility and the number of cells committed to
placodal fate. Thus, cell fate choices and morphoge-
netic events are controlled by the same molecular
pathways, providing the framework for coordination
of these two processes.
INTRODUCTION
The reorganization of epithelial sheets into complex three-
dimensional (3D) structures is a recurrent theme in embryonic
development. Epithelial morphogenesis involves invagination,
folding, and stretching of epithelial sheets as a result of coordi-
nated changes in cell shapes and movements (St Johnston
and Sanson, 2011). Several types of movement can contribute
to reshaping of epithelial sheets, including bending of the sheet,
rearrangement of cells within the plane of the sheet, and cell
migration (Montell, 2008). One example of epithelial sheet reor-
ganization is the formation of placodes, thickenings of the sur-
face ectoderm, serving as an initiation phase for many epithelial
organs. These include the sensory placodes such as olfactory,
auditory, and lens placodes for the cranial sensory organs
(Schlosser, 2006) and nonsensory/nonneurogenic placodes
of several ectodermal organs such as hair, tooth, feather, and588 Developmental Cell 28, 588–602, March 10, 2014 ª2014 Elseviercutaneous glands (ectodermal appendages) (Pispa and Thesleff,
2003).
The induction and morphogenesis of different placodes are
regulated by sequential and reciprocal tissue interactions medi-
ated by conserved signaling pathways, such as canonical Wnt
(Wnt/b-catenin), fibroblast growth factor (FGF), Sonic hedgehog
(Shh), bone morphogenetic protein (BMP), transforming growth
factor b, ectodysplasin (Eda)/nuclear factor-kB (NF-kB), and
platelet-derived growth factor, but with a specific combination
for each placode type (Lleras-Forero and Streit, 2012; Mikkola
and Millar, 2006). Classical tissue recombination experiments
have shown that these signals are rather persistent and that
the ability of the epithelium to respond to the inductive signals
is widespread (Sengel, 1976). In the case of cranial placodes,
several reasons suggest common mechanisms in placode as-
sembly, such as a shared developmental origin, and joint expres-
sion on some key placode genes (Schlosser, 2006). Likewise, a
large number of genes show similar expression patterns in
different ectodermal appendage placodes (Mikkola and Millar,
2006). In hair follicles, Wnt/b-cat and Eda/NF-kB signaling pro-
mote hair follicle fate, whereas BMP signaling inhibits placodal
fate in the interfollicular cells, and Shh is required later to pro-
mote follicular proliferation (Sennett and Rendl, 2012). Epithelial
Wnt/b-cat signaling is indispensable for hair placode induction,
whereas forced b-catenin activation programs the entire
epidermis to hair follicle fate (Andl et al., 2002; Na¨rhi et al.,
2008; Zhang et al., 2009). In the absence of Eda/NF-kB activity,
placodal cells are at least partially specified and express a sub-
set of placode markers at reduced levels, but placode morpho-
genesis fails (Fliniaux et al., 2008; Schmidt-Ullrich et al., 2006;
Zhang et al., 2009). On the other hand, overexpression of Eda
(K14-Eda mice) results in enlarged hair placodes (Mustonen
et al., 2004).
The genetic regulation of placode formation is relatively well
understood, whereas the contributing cell biological mecha-
nisms have remained largely unexplored. Most neurogenic plac-
odes, such as the epibranchial placode, form a thickening of the
tissue that can be morphologically distinguished from the sur-
rounding tissue. The epibranchial placode is mitotically inactive
and pseudostratified (Graham et al., 2007). The mature placode
does not undergo further epithelial morphogenesis. Instead, the
placodal cells delaminate without an epithelial-to-mesenchymal
transition and migrate away from the epithelium as differentiated
neuronal cells (Schlosser, 2006). However, most cranial placo-
des, such as otic and lens placodes, invaginate to form a
pit that pinches off to form an internal structure. The cellularInc.
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Forero and Streit, 2012), but apical constriction and active cell
elongation,mediatedbyRhoAandRac1, respectively, are impor-
tant in the subsequent lens pit invagination (Chauhanet al., 2011).
Compared to other placode derivatives, epithelial morphogen-
esis proceeds somewhat differently in ectodermal appendages.
Placode formation is accompanied by the condensation of
underlying mesenchymal cells, which, in many cases, become
a permanent part of the mature organ. The exact mechanisms
generating the epithelial thickening have remained elusive
(Mikkola and Millar, 2006; Veltmaat et al., 2003). Circumstantial
evidence suggests that mammary placodes are formed by cell
migration (Balinsky, 1950; Propper, 1978). The conventional
view of hair placode formation has, in contrast, been rather
static: basal keratinocytes have been proposed to enlarge and
orient vertically by changing shape in situ (Sengel, 1976). The
following downgrowth of the hair bud is driven by cell prolifer-
ation, but contribution of proliferation to placode formation
has been disputed (Magerl et al., 2001; Mustonen et al., 2004;
Wessells and Roessner, 1965). This controversy has remained
unanswered mainly because of the lack of techniques to study
these dynamic processes in living tissues.
In the present study, we have established laser scanning
confocal imagingmethodology for live visualization of embryonic
skin whole-mount explants during the first wave of hair placode
formation. Our results show that cessation of cell proliferation
is tightly associated with placodal cell fate decisions, and we
identify directional cell migration and cell compaction as key pro-
cesses in hair placode morphogenesis. Stimulation of both Eda/
NF-kB andWnt/b-cat signaling increased the number of nonpro-
liferating cells committed to placodal fate and increased overall
cell motility, but it reduced directionality. These findings provide
evidence that cell fate choices and morphogenetic events are
tightly controlled via multiple controlled changes in cellular
behavior and that perturbation of these cellular events impairs
placode formation.
RESULTS
Characterization of Primary Hair Placode Formation and
Actin Cytoskeleton in K17-GFP Embryos
The first signs of primary hair placode specification can be
detected at E13.5 at sites of future placodes by X-gal staining
of the Axin2-LacZ or Fgf20-LacZ knockin alleles (Zhang et al.,
2009; Huh et al., 2013). The first morphological signs of hair
placodes become evident at embryonic day (E)13.75–E14.0,
concomitant with focal upregulation of placode markers such
as Wnt10b and P-cadherin. By E14.5, placodes have reached
their full thickness (Sennett and Rendl, 2012; Huh et al., 2013).
Keratin 17 (K17) is an early marker of developing ectodermal
appendages, including hair follicles (McGowan and Coulombe,
1998; Bianchi et al., 2005). K17-GFPmice expressing GFP under
the K17 promoter (Bianchi et al., 2005) were used throughout the
present study to visualize emerging hair placodes. Embryonic
mouse back skins were dissected at E13.5, E14.0, and E14.5;
F-actin was detected by fluorescent phalloidin; and skin whole
mounts were analyzed by confocal microscopy.
As previously reported with the K17-GFP mice (referred to as
control in the following results), the GFP signal was located in theDeveloperiderm (Bianchi et al., 2005), and no placodes were visible at
E13.5 (Figures 1A and 1B). However, there was a loss of perider-
mal GFP signal in a periodic pattern that appeared to mark future
placodes. This finding was confirmed by back tracing the cells
that contribute to the mature placode by live imaging (discussed
later; Figure S1 andMovie S1 available online). At E14.0, placode
cells marked by K17-GFP were evident in the control embryos,
and a thickening of the epithelium started to form (Figures 1A
and 1B). At E14.5, the placodes were fully formed, consisting
of several cell layers (Figures 1A and 1B).
In conjunction with the appearance of K17-GFP+ placode
cells at E14.0, the actin cytoskeleton seemed to become reor-
ganized in these cells (Figure 1B). We found an emergence of
actin bundles and an increase in signal intensity from the actin
filaments that formed a diffuse mesh in placode cells at the
edge that was oriented toward the center of the forming placode
(Figure 1C). The F-actin in interplacode cells, in contrast, re-
mained unpolarized (Figure 1C). Quantitation of F-actin signal
showed that the intensity increased significantly in the proximal
edge of the cells, oriented toward the center of the placode,
whereas the distal part of the cell remained at an significantly
lower intensity (Figure 1D). In interplacode cells, F-actin intensity
remained the same in the proximal and distal parts (Figure 1D). A
3D volume rendering of confocal image stacks of F-actin in cells
committed to become placode cells (K17-GFP-expressing cells)
showed actin bundles oriented in parallel with the longitudinal
axis of the cells (Figure 1E). These data also show that, during
active placode morphogenesis (E13.75–E14.5), most placodal
cells do not show an elongated columnar shape as would have
been expected if placode morphogenesis was driven by cell
shapes in situ (Figure S1C and Movie S2).
Cell Proliferation Has a Minor Contribution to Hair
Placode Formation
To assess the cellular mechanisms associated with placode
formation, we first studied the contribution of epithelial cell pro-
liferation using confocal fluorescence microscopy with the aid
of fluorescent ubiquitination-based cell cycle indicator (Fucci)
transgenes (Sakaue-Sawano et al., 2008). In Fucci mouse, red
nuclei mark the G1 phase and green nuclei mark the S/G2/M
phase of the cell cycle. Placode cells were identified by the
loss of peridermal K17-GFP expression (E13.5), the morphology
of K17-GFP-positive foci (E14.0 and E14.5), and epithelial cell
membrane marker EpCam (Nagao et al., 2009). The K17-GFP
positivity and Fucci G1 phase green nuclei were readily distin-
guishable from each other as K17-GFP is cytoplasmic and Fucci
signal is localized solely in the nucleus. Embryonic explants
showed low cell proliferation in the forming placodes at all
observed time points (Figures 2A and 2B). Quantitation of green
and red nuclei confirmed low proliferation in placodal cells; the
majority, 73% of preplacodal cells and up to 89% of placode
cells, were in G1 phase at all observed time points (Figure 2C).
In contrast, interplacodal cells were mainly in S/G2/M phase
(Figure 2C).
In order to track cellular behaviors during placode formation,
we established methodology for live laser scanning confocal
fluorescent imaging in embryonic skin explant cultures for imag-
ing of individual cells in a physiological environment for extended
time periods. Individual cells could be tracked in four dimensionspmental Cell 28, 588–602, March 10, 2014 ª2014 Elsevier Inc. 589
Figure 1. Primary Hair Placode Formation
and Actin Cytoskeleton Rearrangement in
K17-GFP Embryos
(A) K17-GFP (green) and F-actin (visualized by
fluorescent phalloidin, red) in embryonic skin at
E13.5–E14.5. There is a periodic loss of peridermal
GFP signal (asterisks) at E13.5. At E14.0, foci of
placode cells marked by K17-GFP positivity are
apparent (arrowheads). Scale bar, 50 mm.
(B) Z-projections of first-wave hair placode larger
magnification image stacks: the peridermal cell
layer is seen toward the left and top parts of the
z-projections. The plane of the optical section is
shown with arrowheads in the yz-plane. Scale bar,
50 mm.
(C) The actin cytoskeleton in E13.5 explants
cultured for 14 hr. Asterisks mark the distal end,
and arrowheads mark the proximal end of the cell. i,
insert. Scale bar, 10 mm.
(D) Quantitation of F-actin signal at the proximal
and distal edges (proximal: toward placode center;
distal: away from placode center) of placode and
interplacode cells (Student’s t test, p < 0.001, ncells =
70, data shown are means ± SD). Scale bar, 10 mm.
(E) 3D volume rendering of confocal image stacks in
K17-GFP-positive committed placode cells.
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ell-type setup in the air liquid interface in an environmental
chamber and imaged with an upright microscope air objective,590 Developmental Cell 28, 588–602, March 10, 2014 ª2014 Elsevier Inc.suboptimal sampling, and low laser
power to allow minimum disturbance to
the physiological morphogenetic process
(Figure S2A).
We studied the contribution of individual
proliferating cells to the placode by live
imaging of tissue explants (Figure S2B).
As already seen in fixed samples, time-
lapse imaging showed that only a few
cells in the placode proceeded to mitosis
(Figure S2B). These cells were mostly de-
tected in the outer borders of the placode
and contributed little to placode growth
(Figure S2C).
Live Imaging andQuantitation of Cell
Motility Reveal Centripetal Cell
Movement during Placode
Formation
Analysis of cell cycle dynamics using
Fucci transgenes provided no support
for proliferation being the mechanism
driving placode morphogenesis (Figure 2).
Instead, the asymmetric distribution of
actin bundles in placode cells (Figures
1C–1E) suggested involvement of actin-
dependent cellular processes. Therefore,
we next utilized time-lapse imaging for
the purpose of quantitating and charac-
terizing cell movement during placodeformation. It should be noted that most of our quantitative
live imaging data are from E13.5 + 12 hr onward (equaling
E13.75+ due to slight developmental delay resulting from tissue
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Cellular Dynamics in Hair Placode Formationdissection) and, thus, may have not captured the very first
cellular events in placode formation. Live imaging revealed
that placodal cells have a number of dynamic cellular protru-
sions (Figure S2D). Recurrent rounds of cell shape changes
altering between an elongated and a round shape in concord
with cell movement were observed (representative cells; Fig-
ure 1 and Figure S2E). Tracking of epithelial cell movement in
the developing skin showed a preferential direction of placodal
cell movement from the peripheral areas toward the center of
the emerging placodes, whereas the movement of interplaco-
dal cells appeared more random (Figure 3A; Movie S3). As
the movement patterns in placode and interplacode cells
were clearly different, it is unlikely that the observed cellular
movement was caused solely by random cell motility or tissue
displacement.
To characterize the cell movement patterns more closely, we
quantitated directionality, track length, net displacement, and
straightness of the movement of individual cells. Quantitation
of cell movement showed that overall track length was similar
in both placode and interplacode cells. However, placode cells
moved along a straighter track compared to nonplacode cells
(Ms = 0.33 and 0.19, respectively, p < 0.0001); therefore, the
net displacement was also larger (Ms = 15.6 and 9.3 respec-
tively, p < 0.0001) (Figure 3B).
We next analyzed the homogeneity of movement of cells and
the distribution of displacement angles with respect to placode
center (Figure 3C). Statistical test for trajectory angle orientation
showed a random distribution for both placode and interplacode
trajectory angles (Rayleigh test: H0 = random, p > 0.05) (Fig-
ure 3C). Most important, when escape angles were compared
(the angle between original trajectory with respect to center of
the placode/interplacodal area and endpoint of trajectory), the
placode cells showed a distribution of escape angles below
90, meaning that placode cells are preferentially headed toward
the center of the placode (Figure 3D). In contrast, interplacodal
cells showed escape angles over 90, meaning a heading
away from the center point (Figure 3D). Watson’s U2 test
confirmed a statistically significant (p < 0.05) difference in the
escape angles (Figure 3D).
In principle, two distinct mechanisms could cause the
observed cellular movements during placode formation. First,
they could result from displacement of the entire placode
cell population by contraction and cell shape changes,
e.g., due to pressure resulting from the highly proliferative
interplacode surroundings; or second, they could result
from active cell migration. In the former case, cells are not ex-
pected to change their neighbors, whereas in the latter case,
such events are likely to occur. In order to distinguish between
these two possibilities, we conducted confocal time-lapse
imaging for 12 hr (E13.5 + 12 hr/ E13.5 + 24 hr) during pla-
code formation. We traced cell pairs, which were initially
within %15 mm distance from each other (i.e., cells in close
proximity) and analyzed their distances and final location in a
fully formed placode. This pairwise comparison revealed that
placode cells did switch their partners frequently (Figures 4A
and 4C). In contrast, interplacode cells mostly retained
their original neighbors (Figures 4B and 4C). Taken together,
this supports cell migration as a mechanism for placode
formation.DeveloPerturbation of Actin Dynamics Disrupts Placode
Formation
To analyze the requirement of cell movement and actin cyto-
skeleton remodeling for placode formation, we perturbed the
actin cytoskeleton with Jasplakinolide (JAS), which halts actin
dynamics by inhibiting F-actin capping, and with different con-
centrations of Latrunculin A (LatrA), preventing actin monomer
polymerization to partially or fully disrupt active cell motility.
E13.5 skin explants were cultured for 24 hr with the inhibitors,
and their effects were studied with fluorescence confocal micro-
scopy and in situ hybridization analysis of placode markers.
Treatment of control skin explants with a low concentration of
LatrA (4 mM) resulted in partial actin cytoskeleton disruption. This
disruption produced flat, spread-out placodes, while a high con-
centration of LatrA (8 mM) completely abrogated placode forma-
tion (Figure 5A). Similarly, treatment with JAS inhibited placode
formation (Figure 5A). Both treatments also affected cell area
(Figure 5B). (Regression analysis revealed a statistically signifi-
cant positive correlation between cell volume and cell area, as
well as cell volume and cell diameter, indicating that cell area/
diameter can be used as a rough approximation of cell volume;
see Figure S3.) There was a significant increase in placode area
when actin dynamics were partially disrupted by the low concen-
tration of LatrA (Figure 5B). The abrogation of placode formation
by actin disruption at an early phase of placode formation was
confirmed by the absence of the placode marker Shh: explants
treated with JAS or a high concentration of LatrA showed no
Shh positivity (Figure 5C). Dynamic remodeling of the actin cyto-
skeleton is, therefore, a prerequisite for placode formation.
To exclude the possibility that actin disruption at an early
phase of placode formation arrests the whole epidermis at
an E13.5 stage and indirectly causes abrogation of placode
formation, we allowed placode morphogenesis to proceed until
E13.5 + 20 hr and then added 8 mM LatrA. In fixed samples,
the epithelial layer was visualized with the epithelial marker
EpCam (Figure 5D). LatrA treatment for 4 hr resulted in flat,
enlarged placodes; however, placodes appeared in a regular
array, as in control samples (Figure 5D). Quantitation of placode
size showed a significant increase in placode area and decrease
in placode depth in LatrA-treated samples compared to control,
while the volume stayed the same (Figure 5E). For live imaging
experiments, nuclear Fucci signal was used for cell tracking.
Cells were first followed for an hour (optical stack taken every
5 min) and traced for further 3 hr after application of LatrA (Fig-
ures 5F–5H). An hour after addition of LatrA, cell movement
started slowing down and placode morphogenesis seized (Fig-
ures 5G and 5H). Placodal cells retained their cell cycle status,
remaining mostly in G1 phase, similarly to control (Figures 5D,
5F, and 5I). Together, these findings suggest that disrupting
the actin cytoskeleton with LatrA at a later stage of placode
morphogenesis halts placode cell migration, leading to flat plac-
odes with a larger diameter.
Enhanced Eda/NF-kB Signaling Has No Effect on
Placode Cell Proliferation but Increases Cell Motility
Eda/NF-kB signaling is indispensable for primary hair placode
morphogenesis (Schmidt-Ullrich et al., 2006; Zhang et al.,
2009). To investigate the effect of Eda on placode cell behavior,
K17-GFP mice were crossed with mice overexpressing Eda inpmental Cell 28, 588–602, March 10, 2014 ª2014 Elsevier Inc. 591
(legend on next page)
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to as K14-Eda). Prior to placode initiation, the Eda receptor
(Edar) is uniformly expressed in the basal epithelium but
becomes focally upregulated in forming placodes (Headon and
Overbeek, 1999; Laurikkala et al., 2002). At E13.5, K14-Eda
embryos showed already an emerging pattern of enlarged
preplacodes, indicating that the initiation of placodes takes
place slightly earlier than in control embryos (Figure S4A;
Movie S4), as recently shown with the Fgf20bGal placode marker
(Huh et al., 2013). The placodes appeared larger throughout
morphogenesis and, sometimes, fused (Figure S4A). The
quantification of placode area showed a significant increase
in K14-Eda over control at all time points (at E13.5:
6,170 mm2 ± 600 mm2 versus 1,450 mm2 ± 270 mm2; at E14.0:
6,850 mm2 ± 1,190 mm2 versus 1,980 mm2 ± 350 mm2; at E14.5:
14,540 mm2 ± 2,620 mm2 versus 3,430 ± 270 mm2, respectively;
Student’s t test, p < 0.001) (Figure S4B), in line with our previous
two-dimensional analyses (Mustonen et al., 2004). To assess
whether the enlarged placode area was due to increased cell
size, we analyzed the area of individual placode cells during
placode morphogenesis in both genotypes. Quantification of
cell area revealed a reduction in mean cell area over time, but
no difference was observed between control and K14-Eda
placode cells (Figure S4B).
When the effects of Eda signaling on cell proliferation were
studied, K14-Eda mice showed low cell proliferation in the pla-
code at all observed time points (Figure 6A). Quantitation of
green and red nuclei confirmed low proliferation in placodal cells:
the majority, 75% of preplacodal cells and up to 92% of placode
cells, were in G1 phase at all observed time points (Figure 6B).
Despite the increase in placode area and number of placodal
cells in K14-Eda embryos, there was no difference in the propor-
tion of proliferating cells between control and K14-Eda placodes
(Figure 6B). In interplacode areas, the proportion of nondividing
cells was similar in control and K14-Eda mice at E13.5, but at
later time points, the proportion of cells in G1 was significantly
increased in K14-Eda embryos (Figure 6B).
We next studied how the Eda/NF-kB pathway stimulation
affects cell migration by live imaging of K14-Eda explants. In
contrast to control skin (see Figure 3A), cellular movement in
K14-Eda appeared similar in both placode and interplacode cells
(Figure S4C; Movie S5), and quantification showed no difference
in track lengths (Figure S4D). However, there was a significant
difference such that the net displacement was shorter and
straightness was lower in the placode compared to interplacode
area (ncells = 31, Mann-Whitney U, p < 0.001) (Figure S4D). When
placode cell movement parameters were compared between
control and K14-Eda explants, there were significant differences
between placode cell track length and straightness (ncells = 26,Figure 2. Low Level of Cell Proliferation in Developing Hair Follicle Pla
(A) Cell cycle analysis by fluorescence confocal microscopy of K17-GFP/Fucci e
arrowheads in the yz-plane. Preplacodal areas at E13.5 aremarkedwith asterisks.
in nuclear red; and Fucci mAZ, S/G2/M phase, is indicated in nuclear green. i, in
(B) Fluorescence confocal microscopy of Fucci embryonic skin at E13.5–E14.5 s
(C) Quantitation of the proportion of cells in proliferative and G1 phases througho
and E14.5 (73%±10%, 89%±4%, and 80%±6%, respectively), whereas in interp
time point) (Student’s t test, p < 0.001).
Scale bars, 50 mm. Data shown are means ± SD.
DeveloMann-Whitney U, p < 0.001): K14-Eda cells moved longer dis-
tances than the control cells—the mean values being 58.8 mm
and 29.6 mm, respectively—and the mean straightness was
reduced from 0.50 for the control to 0.17 for K14-Eda (compare
Figure 3B with Figure S4D). The overall displacement remained
the same in K14-Eda placode and control. despite the larger
area of K14-Eda mature placodes (compare Figure 3B with Fig-
ure S4D). The velocity analysis over time showed that cells in
control placodesmigrated during initial stages of placode forma-
tion and then stayed relatively localized, whereas K14-Eda cells
continued moving actively throughout placode maturation. The
velocity was overall higher in K14-Eda skin (Figure S4E).
Cellular Compaction during Placode Morphogenesis
Analysis of cell area both in control and K14-Eda samples
in vivo showed a reduction in mean placode cell area during
placode morphogenesis (Figure S4B). This prompted us to
analyze cell size changes in more detail. Cell volume measure-
ments in control placodes of fixed samples at E13.75–E14.5
showed a significant drop in cells size as placode morphogen-
esis advanced (Figure S4F). Time-lapse analysis confirmed that
placodal cells compact during placode formation (Figure 6C).
The rate of cell diameter reduction was similar in control and
K14-Eda embryos (Figure 6C). The placode diameter, in
contrast, was already initially larger in K14-Eda and continued
to grow compared to control (Figure 6D), as also observed
in vivo (Figure S4B). Placode diameter in control reached a
plateau at 6 hr after the first signs of placode emergence (Fig-
ure 6D). Quantitation of absolute cell number per placode
showed that significantly more cells were recruited to placodes
in K14-Eda than in control embryos (Figure 6E). This, together
with the placode cell surface rendering of representative con-
trol and K14-Eda samples (Figure 6F), showed that even
though the K14-Eda placode area kept growing throughout
placode morphogenesis, the compaction rate was the same
in both control and K14-Eda (Figure 6C). Therefore, the cell
compaction kinetics in the placode is not affected by overex-
pression of Eda, even though placode size and patterning
are abnormal.
We also analyzed the correlation of cell size with placode size
and the growth of the placode throughout placode morphogen-
esis. In both control and K14-Eda skin, there was an inverse
correlation (reduced major axis [RMA] regression, p < 0.001) in
placode size to cell size, and the compaction was isometric up
to E13.5 + 18 hr (Figure S5A). At this time point, the cells reached
the limit of compaction in both K14-Eda and control at the diam-
eter of 8.4 mm ± 1.3 and 8.3 mm ± 1.4, respectively. However,
comparison of placode size with cell size, regardless of the
genotype, suggested that the inverse correlation with placodecodes
mbryonic skin at E13.5–E14.5. The plane of the optical section is shown with
K17-GFP is indicated in cytoplasmic green; Fucci mKO, G1 phase, is indicated
sert.
tained with EpCam.
ut placode formation: the majority of cells are nonproliferating at E13.5, E14.0,
lacodal areas, up to 77%±3%of cells are in the S/G2/Mphase (ncells = 500 per
pmental Cell 28, 588–602, March 10, 2014 ª2014 Elsevier Inc. 593
Figure 3. Directional Cell Migration Governs Hair Placode Formation
Analysis of cell motility, on a single-cell level, in embryonic tissue explant cultures from confocal fluorescence 4D time lapse imaging.
(A) Plots show tracks of individual cells in representative placode and interplacode samples of skin dissected at E13.5 and imaged from E13.5 + 12 hr/ E13.5 +
24 hr. The perimeter of the mature placode is marked with a dotted line.
(B) Quantitation of cell movement parameters (track length, straightness, and net displacement) in placode and interplacode cells (ncells = 100). Statistical
significance was tested with Mann-Whitney U test (for both track straightness and net displacement, p < 0.0001).
(C) Polar plots representing the distribution of cell trajectory angles. Movement angles show a random distribution both for the placode and interplacode areas
(nplacode = 190, and ninterplacode = 194; Rayleigh test: H0 = random, p < 0.05).
(D) Plot representing vectors of escape angles (the angle between cell trajectory at the beginning of the time lapse in respect to center of the placode/interplacodal
area and endpoint of trajectory). Watson’s U2 test reveals a significant difference in escape angles in placode versus interplacode cells (n = 78, p < 0.05).
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Figure 4. Pairwise Cell Neighbor Trajectory Analysis Shows True Cell Migration in Placode Formation
Cell pairs/groups of cells in close proximity (within 15 mmdistance from each other in all three dimensions) at E13.5 + 12 hr were traced with confocal microscopy,
and their distances and final location were analyzed 12 hr later.
(A and B) Groups of cells in (A) three representative placodes and (B) one interplacode area are color coded based on their original position. The start and end
positions of each individual cell are shown with the circles, and the arrows show net displacement.
(C) Quantitation of both placode and interplacode cell pair distances at the end of the time lapse (Student’s t test, p < 0.001).
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Figure 5. Disruption of Actin Dynamics Abolishes Placode Formation
Cellular actin dynamics was disrupted by pharmacological inhibitors JAS (4 mM), LatrA, (4 mM and 8 mM) in E13.5 K17-GFP embryonic skin explant cultures for
24 hr, as shown in (A) through (C), or in Fucci skin explants for 4 hr at E13.5 + 20 hr, as shown in (D) through (I).
(A) Partial disruption of actin filaments (F-actin staining in red; indicated with close-up inserts, ii) in control skin explants with low concentration of LatrA produces
spread-out K17-GFP-positive (green) placode cells. i, insert.
(legend continued on next page)
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rather than placode size per se (Figure S5B).
Canonical Wnt Signaling Regulates Placode Size, Cell
Movement, and Cell Compaction Similarly to Eda/NF-kB
Signaling
In addition to the Eda/NF-kB pathway, Wnt/b-cat signaling is
important in hair placode induction and in defining the hair pla-
code pattern (Andl et al., 2002). We next studied the effects
of modulating canonical Wnt signaling by the global Wnt acti-
vator Wnt3A, the modulator Rspo2 that potentiates Wnt/b-cat
signaling, and XAV939, a selective inhibitor of Wnt/b-cat
signaling. E13.5 embryonic back skin was dissected and main-
tained in tissue culture for 24 hr with various concentrations of
the modulators and imaged at 24 hr or with time-lapse imaging
every 20 min for 12 hr from E13.5 + 12 hr onward.
Application of Wnt3A affected placode size and patterning:
Lower concentration (10 ng/ml) caused a significant increase in
the placodal area marked by the K17-GFP signal (Figures S6A
and S6B). However, high concentration of Wnt3A (100 ng/ml)
led to the disappearance of discernible placode structures.
Also, the inhibition of canonical Wnt signaling with XAV939
resulted in total absence of placodes (Figure S6A). Rspo2 treat-
ment alone appeared to increase placode area, while treatment
with both Wnt3A (10 ng/ml) and Rspo2 (500 ng/ml) resulted in
highly enlarged placodes that were fused in some skin regions
into a single area that did not exhibit clearly discernible placode
perimeters (Figure S6C). These cells were both K17-GFP
positive and uniformly condensed (Figure S6C). Treatment with
recombinant Fc-Eda resulted in enlarged placodes similar to
Wnt agonist treatment and K14-Eda embryos (Figure S6C).
To study the effect of canonical Wnt stimulation on cell prolif-
eration, we again utilized the Fucci mouse model. Wnt activation
with Wnt3A or Rspo2 alone seemed to have no gross effect on
placode cell proliferation (Figure 7A). For quantitation of prolifer-
ation (and other cellular processes) for all Wnt3A and Rspo2
double-treated samples, we analyzed only skin regions where
placode/interplacode cells were clearly distinguishable. Quanti-
tation of cells in S/G2/M and G1-phase cells in explants treated
with Rspo2 or Wnt3A alone revealed no major changes in
placode cells, whereas there was a significant decrease in the
proportion of proliferating cells in interplacodal areas (Figure 7C),
as was also observed in K14-Eda embryos (Figure 6B). When the
Wnt pathway activity was further enhanced by combined Wnt3A
and Rspo2 treatment, there was a slight increase in placode
cell proliferation, but the proportion of S/G2/M cells was still
substantially lower than in interplacode areas (Figure 7C). In
interplacode areas, the double-treated samples did not differ(B) Quantification of placode and cell area in treated samples (ncells = 25; nplacod
(C) Whole-mount in situ hybridization with Shh as a placodal marker in control, J
(D) Specimen treated with 8 mM LatrA at E13.5 + 20 hr were fixed at E13.5 + 24 hr
tissue. Scale bar, 50 mm.
(E) Quantitation of placode area (Student’s t test, p < 0.001), depth (Student’s t test
defined by EpCam staining).
(F) Still images of optical sections in a time-lapse of Fucci mouse skin shown at
(G) Analysis of cell movement (relative velocity, velocity before LatrA application
(H) Examples of migratory behaviors of three randomly chosen cells in two differ
(I) Cell cycle status analyzed at the end of 4 hr LatrA treatment at E13.5 + 24 hr.
Data shown are means ± SD.
Develofrom controls (Figure 7C). The reason for the interplacode cells’
differential response to moderate and high Wnt pathway stimu-
lation is currently not known.
We next analyzed the effect of modulation of canonical Wnt
signaling on cell compaction and proliferation, aswell as placode
size, using live imaging. Final placode size was larger in explants
treated with Wnt3A or Rspo2, and treatment with both together
resulted in further increase in placode size, althoughwith a partial
loss of clearly defined placode borders (Figure 7D). Cell size in
Rspo2 and Wnt3A samples did not differ from that of control.
When Wnt3A and Rspo2 were both present, the overall cell size
was smaller compared to that of control at all time points, except
at the placodematuration stage, suggesting that cell compaction
had initiated earlier (Figure 7E). Increase in absolute cell number
per placode was seen with all treatments (Figure 7F). Thus, simi-
larly to Eda overexpression (Figures S5A and S5B), stimulation of
Wnt signaling resulted in continued nonlinear growth of placode
size as more cells were recruited to the placode area.
Next, we analyzed the effect of stimulated Wnt signaling on
cell movement. Treatment with Rspo2 alone and together with
Wnt3A increased overall track length (Figure 7G). Treatment
with Rspo2 alone reduced track straightness in the placode
and added variation to track straightness (Figure 7G). Mean
velocity was also higher initially in samples treated with Rspo2
alone or together with Wnt3A, as compared to controls, but
the difference was not any more evident after 2 hr (Figure 7H).
These treatments also increased variation in cell movement,
resulting in less oriented and cohesive migration (Figures S7A
and S7B; Movie S6); therefore, stimulation of canonical Wnt
signaling affected cell movement similarly to stimulation of Eda
signaling in the K14-Eda model (Figures S4C–S4E). Similarly to
K14-Eda, adding Rspo2 and Wnt3A alone or together resulted
in progressive increase in coefficient of variation in all aspects
of cell movement (straightness, velocity, displacement), both in
the placodal and interplacodal areas (Figure S7B). Taken
together, treatments activating canonical Wnt signaling globally
caused more cells to gain placode fate and interplacodal cells to
adopt placodal cell-like behaviors by becoming more migratory.
These effects are very similar to the cell biological effects seen in
the mice overexpressing Eda.
DISCUSSION
Epithelial morphogenesis is driven by coordinated changes in
cell proliferation, cell shapes, and movements. The formation
of primary hair follicle placodes is an example of developmental
process that requires reorganization of the epithelial sheet, but
until now, little has been known about the cellular processeses = 5; Student’s t test, p < 0.001).
AS-treated (4 mM), and LatrA-treated (8 mM) samples. Scale bar, 500 mm.
and stained with EpCam. Frequency of S/G2/M confirms good condition of the
, p < 0.01), and volume in control and treated samples (placode size parameters
1 hr intervals. Scale bar, 25 mm.
set as 1) shows a decrease an hour after treatment.
ent placodes on LatrA application at E13.5 + 20 hr.
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Figure 6. Enhanced Eda/NF-kB Signaling Has No Effect on Placode Cell Proliferation but Increases Cell Motility
(A) Cell cycle analysis by fluorescence confocal microscopy in fixed K17-GFP/K14-Eda/Fucci embryonic skin at E13.5–E14.5. i, insert.
(B) Quantitation of the proportion of cells (ncells = 300 per time point, skin area, and genotype) in proliferative and G1 phases throughout placode formation in
control and K14-Eda embryos at E13.5, E14.0, and E14.5. Note similar values in control and K14-Eda placodes. In interplacode areas, the proportion of S/G2/M
cells is 77% ± 3% versus 73% ± 10% at E13.5; 68% ± 10% versus 33% ± 9% at E14.0 (Student’s t test p < 0.001); and 65% ± 11% versus 35% ± 3% at E14.5
(Student’s t test, p < 0.01) in control and K14-Eda embryos, respectively.
(legend continued on next page)
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achieved by changes inmultiple cellular processes: proliferation,
directional motility, and compaction.
Switches in epithelial cell fate are often associated with
controlled changes in cell proliferation. In hair placode formation,
a localizedburst of epithelial cell proliferation hasbeen implicated
(Magerl et al., 2001;Schmidt-Ullrichet al., 2006), but evidencehas
also been provided against cell proliferation as the driving force
for placode formation (Mustonen et al., 2004; Wessells and
Roessner, 1965). We found no evidence to support proliferation
as the driver of placode morphogenesis, and our in vivo and
in vitro models of enlarged hair placodes were associated with
low proportion of mitotic cells, excluding the possibility that in-
crease in placode size was caused by enhanced proliferation.
Our results are in agreement also with studies where embryonic
skin was experimentally manipulated with potent activators of
epithelial cell proliferation: overexpression of FGF7 suppresses
hair follicle formation in vivo (Guo et al., 1993), and application
of FGF7 or epidermal growth factor receptor (EGFR) agonists
dose-dependently inhibits hair placode formation in vitro (Kashi-
wagi et al., 1997; Richardson et al., 2009). Furthermore, EGFR
andFGFR2aredownregulated in nascent hair placodes (Richard-
son et al., 2009). Thus, elevated growth response leads to a block
in placode formation, suggesting a requirement for proliferation
arrest to allow placode morphogenesis, a phenomenon
commonly observed at the onset of morphogenetic changes
(Schock and Perrimon, 2002). However, as the switch from
epidermal to follicular cell fate precedesplacodemorphogenesis,
it is possible that inhibition of proliferation is required for cell fate
change, morphogenesis, or both. It is interesting that modest
enhancement of Wnt signaling activity or overexpression of Eda
led to a prominent increase in the proportion of G1 cells also in in-
terfollicular areas yet did not lead to acquisition of follicular fate
when assessed with K17-GFP positivity. Together, these data
indicate that cessation of cell proliferation is necessary but not
sufficient for cell fate switch and placode morphogenesis.
Changes in cell shape are common in epithelial morphogen-
esis. Analysis of cell size in vivo and live tracking of cells in vitro
in our study showed prominent cell compaction as hair placodes
were forming. Also, lens placode formation is known to involve a
cell shape change; however, the shape is transformed from
cuboidal to columnar without stratification (Zwaan and Hendrix,
1973). During lens placode morphogenesis continued epithelial
proliferation combined with a restricted contact area within the
extracellular matrix drives cell compaction in an axis perpendic-
ular to the epithelial sheet (Huang et al., 2011). Inmatrix assembly
and cell-matrix adhesion mouse mutants, the prospective lens
ectoderm is no longer constrained to a fixed area but instead
expands, and placodes fail to form. In our study, overexpression
of Eda or exogenous Wnt agonists resulted in enlarged areas of
K17-GFP+ placode cells, but the increase in placode size was
not a consequence of decreased density of an equal number of
cells; instead, it was due to an increase in the total number of cells
being specified as follicular cells.Our data also show that cell size(C–E) Quantification of (C) placode cell diameter, (D) placode diameter, and (E)
K14-Eda skin cultures.
(F) Surface rendering based on Fucci mKO (G1) expression in control and K14-E
Scale bars, 50 mm. Data shown are means ± SD.
Develoand placode size are independent fromeach other. Cell compac-
tionwas not influenced by enhanced Eda orWnt activity andmay
beaconsequenceof, rather thanprerequisite for, placode forma-
tion. It also seems likely that placode cell specification precedes
compaction. However, we could not directly assess this because
K17-GFP expression levels were too low to allow analysis of
Eda/ preplacodes.
Cell motility, individual and collective, is a major contributor to
epithelial morphogenesis. Extensive cell movements are associ-
ated with cranial placode formation in chick and zebrafish (Streit,
2002), whereas apoptotic and proliferative events are suggested
to shape the otic placode in mammals (Washausen et al., 2005).
In mammary placodes, analysis of mitotic indices has excluded
cell proliferation as a major mechanism of placode formation
(Balinsky, 1950; Lee et al., 2011). This implies that, even though
not all epithelial placodes of diverse origin share same mecha-
nisms of placode formation, different ectodermal appendage
placodes are likely to form via similar cellular mechanisms.
Although it has been shown that random cell movements com-
bined with a motility gradient and constraints by neighboring tis-
sue can lead to directional cell clustering (Be´naze´raf et al., 2010),
in most developmental contexts, cell movement is oriented
by guidance cues (Aman and Piotrowski, 2010). The centripetal
movement of hair placode cells suggests a presence of a
chemotactic factor in the emerging placode itself and/or in the
underlying dermal condensate, both of which express a large
repertoire of soluble signaling factors (Sennett and Rendl,
2012). The acquisition of motile capacity and directed migration
are distinct and often regulated by separate mechanisms (Aman
and Piotrowski, 2010). Excess Eda led to increased motility in
both placode and interplacode areas, raising the possibility
that Edar promotes motile character of skin epithelial cells while
directionality is likely regulated by other stimuli.
Previous studies have also linked cell adhesion—in particular, a
switch from E-cadherin- to P-cadherin-based adherens junc-
tions—with hair placode morphogenesis (Hardy and Vielkind,
1996). Forced elevation of E-cadherin levels by transgenic
overexpression suppresses hair follicle formation (Jamora et al.,
2003).Downregulationof specificadhesionmolecules is generally
regarded as a prerequisite for epithelial cells to gain competence
to becomemotile (Aman and Piotrowski, 2010). The possibility of
the modulation of E-cadherin/P-cadherin levels serving the same
purpose during hair placode formation is intriguing.
In conclusion, we have demonstrated that multiple controlled
changes in cellular behavior are associated with placode forma-
tion and that overactivation of either the Eda/NF-kB orWnt/b-cat
pathway alters many of these parameters, ultimately leading to
aberrant placodes. The same pathways also regulate the switch
from epidermal to hair follicle fate (Andl et al., 2002; Mustonen
et al., 2004; Zhang et al., 2009). These findings fit well with recent
studies on cranial placodes showing that cell fate choices and
morphogenetic events are controlled by the same pathways
and transcriptional programs, a framework that ensures tight co-
ordination between the two processes (Lleras-Forero and Streit,number of cells/placodes by live confocal imaging in embryonic control and
da placodes from E13.5 + 12 hr to E13.5 + 22 hr.
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Figure 7. Stimulation of Canonical Wnt Signaling Induces a Condensed, Migratory, Nonproliferating Phenotype in Interfollicular Cells
Similarly to Eda Overexpression
Canonical Wnt signaling was stimulated by treatment of skin explant cultures with Wnt3A (10 ng) and/or Wnt modulator Rspo2 (500 ng).
(A) Cell cycle analysis using Fucci transgenes in E13.5 skin explants treated with Wnt agonists for 24 hr (nuclear Fucci mKO G1 phase signal in white).
(legend continued on next page)
Developmental Cell
Cellular Dynamics in Hair Placode Formation
600 Developmental Cell 28, 588–602, March 10, 2014 ª2014 Elsevier Inc.
Developmental Cell
Cellular Dynamics in Hair Placode Formation2012). NF-kB and b-catenin have been identified as the essential
mediators of the Eda and Wnt pathways, respectively, in hair
placodes. Therefore, it is likely that their effects on cell prolifera-
tion and motility are not direct but mediated by their transcrip-
tional targets. We have recently identifiedmultiple transcriptional
target genes of Eda that include, among others, chemokines and
other signaling molecules, as well as many transcription factors
(Lefebvre et al., 2012), but the Wnt/b-cat targets are largely
unexplored. At least some of the transcriptional targets of Eda/
NF-kB or Wnt/b-cat pathways are shared (Fliniaux et al., 2008;
Huh et al., 2013). Further studies will be required to clarify
whether the similar cellular outcomes of these two pathways
reflect the regulation of the same target genes or different targets
that control the same cellular processes.
EXPERIMENTAL PROCEDURES
Animals, Culture of Embryonic Skin, and Fluorescence Confocal
Microscopy
All mouse studies were approved by the National Animal Experiment Board.
Transgenic mouse lines used in this study have been described elsewhere
as indicated: K17-GFP mice (Bianchi et al., 2005); K14-Eda mice (Mustonen
et al., 2003); and Fucci mice (Sakaue-Sawano et al., 2008). All embryos
were staged according to limb morphological criteria; noon of the vaginal
plug day was considered E0.5. Details on culture, manipulation, staining,
and confocal microscopy and time-lapse imaging of embryonic skin explants
are available in the Supplemental Experimental Procedures.
Quantitative and Statistical Analyses of Experimental Data
Images were analyzed and quantitative measurements performed with Imaris
7.2.1 (Bitplane) and ImageJ (http://rsbweb.nih.gov/ij/) software. Images were
processed for presentationwith AdobePhotoshopCS5and Illustrator CS5 soft-
ware (AdobeSystems).Statistical analysis and furthergraphingwere conducted
with Prism 5 (Graphpad), SigmaPlot 11.0 (Systat Software), and PAST (http://
folk.uio.no/ohammer/past/) software. Differences between groups in cell and
placode size and proliferation analyses were assessedwith the parametric Stu-
dent’s t test. For cell movement analysis, data shape distribution was assessed
with the Shapiro-Wilks test for normality. When data were not normally distrib-
uted, the nonparametric Mann-Whitney U test was used. The significance
threshold was p < 0.05. Furthermore, in the analysis on cell movement parame-
ters, differences between variances on nonnormal data were assessed with the
nonparametric Fligner-Killeen test based on medians. Correlation of cell size to
placode size and correlation of cell diameter in x, y, and z dimensions to cell vol-
umewere assessedwith theRMA regressionmodel. For circular statistical anal-
ysis, the R-software package was used (http://www.r-project.org/): Displace-
ment angle distribution was analyzed with the Rayleigh test. The escape angle
was defined by drawing the vector from the track start point and endpoint to
theplacode/interplacodeareacenter,measuring theanglebetween thevectors.
For cell shape and condensation studies, the measurements were conduct-
ed in three dimensions from confocal optical stacks, and the diameter was
defined from the longest axis. At least five cells from five individual placodes
for each time point and treatment were analyzed. In addition, individual cell
surface rendering and measurements were conducted using Imaris software
(Bitplane) as follows: individual volumes were segmented based on regions
of interest defined in 3D volume rendering space, by background subtraction(B) Control and Wnt3A+Rspo2-treated samples visualized with Fucci mKO (G1 p
(C) Quantification of the proportion of cells in proliferative and G1 phases after 24
low proportion of S/G2/M interplacode cells in samples treated with either Wnt3
(D–F) Quantification of (D) placode cell diameter (n = 6), (E) cell diameter (n = 30
explants treated with Wnt agonists. Data shown are means ± SD.
(G) Quantitation of cell movement parameters (track straightness, length, net dis
agonists (n = 20). Ctrl, control.
(H) Quantitation of velocity in placode cells treated with Wnt agonists (n = 20). D
t test. *p < 0.05; **p < 0.01; ***p < 0.001.
Develousing local contrast, based on K17-GFP cytoplasmic fluorescence signal. The
threshold was then adjusted to isolate individual cell subvolumes. Volumes
were then classified, and cell xyz length and respective volume were plotted
by Imaris Vantage. For cell tracking purposes, to minimize the global motion
of cells caused by tissue deformation and/or tissue growth, the tissues were
allowed to recover after sectioning and were then mounted on a solid support.
They did not, therefore, show significant amounts of rotational distortion,
random vibration, or distortion in arbitrary planes but rather a constant, even
movement in the yz-plane (initial flattening and following growth in a plane
perpendicular to the epithelial sheet) or a similar movement in the xy-plane.
To remove this background in cell tracking experiments, global movement
of the tissue was subtracted from the movement of the cell population under
observation in Imaris Software. To this end, two to four stationary points
with respect to surrounding area within the tissue, at least 100 mm away
from the target cells, were selected and defined as reference points. These
cells were nonmotile, nonproliferating cells with constant shape marked by
cytoplasmic K17-GFP expression (peridermal cells) or Fucci positive nuclei.
For cell track plots, at least ten representative cells from at least three placo-
des were selected, and cell movement was plotted on axes representing
displacement length in micrometer and relative angle. Cell movement angles,
from 0 to 359—at which the cell moved with respect to the anteroposterior
axis used as the 0/180 line of reference—were measured for individual cells
and were represented on a polar plot. For four-dimensional (4D) cell migration
tracking, track length, duration, cell net displacement distance, mean speed,
and track straightness as the ratio of the displacement to total distance traveled
(1 = straight line) were analyzed. A box andwhiskers plot representedminimum,
25%percentile,median, 75%percentile, andmaximumvalues for eachdata set.
Statistical Methods
Differences between groups in cell and placode size analyses were assessed
with the parametric Student’s t test. For cell movement analysis, data shape
distribution was assessed with the Shapiro-Wilks test for normality. When
data were not normally distributed, the nonparametric Mann-Whitney U test
was used. The significance threshold was p < 0.05. Error estimates for pooled
data are represented as SD.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and six movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2014.02.003.
ACKNOWLEDGMENTS
We thank Dr. Pierre Coulombe for the K17-GFPmice andMs. Raija Savolainen
andMs. Riikka Santalahti for technical assistance. We thank Pascal Schneider
for Fc-Eda and Jukka Jernvall for Fucci mice provided by the RIKEN
BioResource Center through the National Bio-Resource Project of the
MEXT, Ibaraki, Japan. Imaging was conducted at the Light Microscopy Unit
of Institute of Biotechnology, University of Helsinki. L.A. is an Academy of
Finland Postdoctoral fellow. This work was also funded by the Academy of
Finland and the Sigrid Juse´lius Foundation.
Received: December 20, 2012
Revised: January 8, 2014
Accepted: February 4, 2014
Published: March 10, 2014hase; nuclear red) and Fucci mAZ (S/G2/M phase; nuclear green).
hr treatment with Wnt agonists (data shown are means ± SD; n = 500). Note the
A or Rspo2.
), and (F) number of cells/placodes by live confocal imaging in embryonic skin
placement) of placode and interplacode cells in skin explants treated with Wnt
ata shown are means ± SD. Statistical significance was tested with Student’s
pmental Cell 28, 588–602, March 10, 2014 ª2014 Elsevier Inc. 601
Developmental Cell
Cellular Dynamics in Hair Placode FormationREFERENCES
Aman, A., and Piotrowski, T. (2010). Cell migration during morphogenesis.
Dev. Biol. 341, 20–33.
Andl, T., Reddy, S.T., Gaddapara, T., and Millar, S.E. (2002). WNT signals are
required for the initiation of hair follicle development. Dev. Cell 2, 643–653.
Balinsky, B.I. (1950). On the prenatal growth of themammary gland rudiment in
the mouse. J. Anat. 84, 227–235.
Be´naze´raf, B., Francois, P., Baker, R.E., Denans, N., Little, C.D., and Pourquie´,
O. (2010). A random cell motility gradient downstream of FGF controls elonga-
tion of an amniote embryo. Nature 466, 248–252.
Bianchi, N., Depianto, D., McGowan, K., Gu, C., and Coulombe, P.A. (2005).
Exploiting the keratin 17 gene promoter to visualize live cells in epithelial
appendages of mice. Mol. Cell. Biol. 25, 7249–7259.
Chauhan, B.K., Lou, M., Zheng, Y., and Lang, R.A. (2011). Balanced Rac1 and
RhoA activities regulate cell shape and drive invagination morphogenesis in
epithelia. Proc. Natl. Acad. Sci. USA 108, 18289–18294.
Fliniaux, I., Mikkola, M.L., Lefebvre, S., and Thesleff, I. (2008). Identification of
dkk4as a target of Eda-A1/Edar pathway reveals anunexpected role of ectodys-
plasinas inhibitor ofWntsignalling inectodermalplacodes.Dev.Biol.320, 60–71.
Graham, A., Blentic, A., Duque, S., and Begbie, J. (2007). Delamination of cells
from neurogenic placodes does not involve an epithelial-to-mesenchymal
transition. Development 134, 4141–4145.
Guo, L., Yu, Q.C., and Fuchs, E. (1993). Targeting expression of keratinocyte
growth factor to keratinocytes elicits striking changes in epithelial differentia-
tion in transgenic mice. EMBO J. 12, 973–986.
Hardy, M.H., and Vielkind, U. (1996). Changing patterns of cell adhesion mol-
ecules during mouse pelage hair follicle development. 1. Follicle morphogen-
esis in wild-type mice. Acta Anat. (Basel) 157, 169–182.
Headon, D.J., and Overbeek, P.A. (1999). Involvement of a novel Tnf receptor
homologue in hair follicle induction. Nat. Genet. 22, 370–374.
Huang, J., Rajagopal, R., Liu, Y., Dattilo, L.K., Shaham, O., Ashery-Padan, R.,
and Beebe, D.C. (2011). The mechanism of lens placode formation: a case of
matrix-mediated morphogenesis. Dev. Biol. 355, 32–42.
Huh, S.H., Na¨rhi, K., Lindfors, P.H., Ha¨a¨ra¨, O., Yang, L., Ornitz, D.M., and
Mikkola, M.L. (2013). Fgf20 governs formation of primary and secondary
dermal condensations in developing hair follicles. Genes Dev. 27, 450–458.
Jamora, C., DasGupta, R., Kocieniewski, P., and Fuchs, E. (2003). Links
between signal transduction, transcription and adhesion in epithelial bud
development. Nature 422, 317–322.
Kashiwagi, M., Kuroki, T., and Huh, N. (1997). Specific inhibition of hair follicle
formation by epidermal growth factor in an organ culture of developing mouse
skin. Dev. Biol. 189, 22–32.
Laurikkala, J., Pispa, J., Jung, H.S., Nieminen, P., Mikkola, M., Wang, X.,
Saarialho-Kere, U., Galceran, J., Grosschedl, R., and Thesleff, I. (2002).
Regulation of hair follicle development by the TNF signal ectodysplasin and
its receptor Edar. Development 129, 2541–2553.
Lee, M.Y., Racine, V., Jagadpramana, P., Sun, L., Yu, W., Du, T., Spencer-
Dene, B., Rubin, N., Le, L., Ndiaye, D., et al. (2011). Ectodermal influx and
cell hypertrophy provide early growth for all murine mammary rudiments,
and are differentially regulated among them by Gli3. PLoS ONE 6, e26242.
Lefebvre, S., Fliniaux, I., Schneider, P., and Mikkola, M.L. (2012). Identification
of ectodysplasin target genes reveals the involvement of chemokines in hair
development. J. Invest. Dermatol. 132, 1094–1102.
Lleras-Forero, L., and Streit, A. (2012). Development of the sensory nervous
system in the vertebrate head: the importance of being on time. Curr. Opin.
Genet. Dev. 22, 315–322.
Magerl, M., Tobin, D.J., Mu¨ller-Ro¨ver, S., Hagen, E., Lindner, G., McKay, I.A.,
and Paus, R. (2001). Patterns of proliferation and apoptosis during murine hair
follicle morphogenesis. J. Invest. Dermatol. 116, 947–955.
McGowan, K.M., and Coulombe, P.A. (1998). Onset of keratin 17 expression
coincides with the definition of major epithelial lineages during skin develop-
ment. J. Cell Biol. 143, 469–486.602 Developmental Cell 28, 588–602, March 10, 2014 ª2014 ElsevierMikkola, M.L., andMillar, S.E. (2006). Themammary bud as a skin appendage:
unique and shared aspects of development. J. Mammary Gland Biol.
Neoplasia 11, 187–203.
Montell, D.J. (2008). Morphogenetic cell movements: diversity from modular
mechanical properties. Science 322, 1502–1505.
Mustonen, T., Pispa, J., Mikkola, M.L., Pummila, M., Kangas, A.T.,
Pakkasja¨rvi, L., Jaatinen, R., and Thesleff, I. (2003). Stimulation of ectodermal
organ development by Ectodysplasin-A1. Dev. Biol. 259, 123–136.
Mustonen, T., Ilmonen, M., Pummila, M., Kangas, A.T., Laurikkala, J.,
Jaatinen, R., Pispa, J., Gaide, O., Schneider, P., Thesleff, I., and Mikkola,
M.L. (2004). Ectodysplasin A1 promotes placodal cell fate during early
morphogenesis of ectodermal appendages. Development 131, 4907–4919.
Nagao, K., Zhu, J., Heneghan, M.B., Hanson, J.C., Morasso, M.I., Tessarollo,
L., Mackem, S., and Udey, M.C. (2009). Abnormal placental development and
early embryonic lethality in EpCAM-null mice. PLoS ONE 4, e8543.
Na¨rhi, K., Ja¨rvinen, E., Birchmeier, W., Taketo, M.M., Mikkola, M.L., and
Thesleff, I. (2008). Sustained epithelial beta-catenin activity induces preco-
cious hair development but disrupts hair follicle down-growth and hair shaft
formation. Development 135, 1019–1028.
Pispa, J., and Thesleff, I. (2003). Mechanisms of ectodermal organogenesis.
Dev. Biol. 262, 195–205.
Propper, A.Y. (1978). Wandering epithelial cells in the rabbit embryomilk line. A
preliminary scanning electron microscope study. Dev. Biol. 67, 225–231.
Richardson, G.D., Bazzi, H., Fantauzzo, K.A., Waters, J.M., Crawford, H.,
Hynd, P., Christiano, A.M., and Jahoda, C.A. (2009). KGF and EGF signalling
block hair follicle induction and promote interfollicular epidermal fate in
developing mouse skin. Development 136, 2153–2164.
Sakaue-Sawano, A., Kurokawa, H., Morimura, T., Hanyu, A., Hama, H.,
Osawa, H., Kashiwagi, S., Fukami, K., Miyata, T., Miyoshi, H., et al. (2008).
Visualizing spatiotemporal dynamics of multicellular cell-cycle progression.
Cell 132, 487–498.
Schlosser, G. (2006). Induction and specification of cranial placodes. Dev.
Biol. 294, 303–351.
Schmidt-Ullrich, R., Tobin, D.J., Lenhard, D., Schneider, P., Paus, R., and
Scheidereit, C. (2006). NF-kappaB transmits Eda A1/EdaR signalling to acti-
vate Shh and cyclin D1 expression, and controls post-initiation hair placode
down growth. Development 133, 1045–1057.
Schock, F., and Perrimon, N. (2002). Molecular mechanisms of epithelial
morphogenesis. Annu. Rev. Cell Dev. Biol. 18, 463–493.
Sengel, P. (1976). Morphogenesis of Skin. (Cambridge, UK: Cambridge
University Press).
Sennett, R., and Rendl, M. (2012). Mesenchymal-epithelial interactions during
hair follicle morphogenesis and cycling. Semin. Cell Dev. Biol. 23, 917–927.
St Johnston, D., and Sanson, B. (2011). Epithelial polarity and morphogenesis.
Curr. Opin. Cell Biol. 23, 540–546.
Streit, A. (2002). Extensive cell movements accompany formation of the otic
placode. Dev. Biol. 249, 237–254.
Veltmaat, J.M., Mailleux, A.A., Thiery, J.P., and Bellusci, S. (2003). Mouse
embryonic mammogenesis as a model for the molecular regulation of pattern
formation. Differentiation 71, 1–17.
Washausen, S., Obermayer, B., Brunnett, G., Kuhn, H.J., and Knabe, W.
(2005). Apoptosis and proliferation in developing, mature, and regressing
epibranchial placodes. Dev. Biol. 278, 86–102.
Wessells, N.K., and Roessner, K.D. (1965). Nonproliferation in dermal conden-
sations of mouse vibrissae and pelage hairs. Dev. Biol. 12, 419–433.
Zhang, Y., Tomann, P., Andl, T., Gallant, N.M., Huelsken, J., Jerchow, B.,
Birchmeier, W., Paus, R., Piccolo, S., Mikkola, M.L., et al. (2009). Reciprocal
requirements for EDA/EDAR/NF-kappaB and Wnt/beta-catenin signaling
pathways in hair follicle induction. Dev. Cell 17, 49–61.
Zwaan, J., and Hendrix, R.W. (1973). Changes in cell and organ shape during
early development of ocular lens. Am. Zool. 13, 1039–1049.Inc.
